Several pathogenic bacteria have evolved a specialized protein secretion system termed type III to secrete and deliver effector proteins into eukaryotic host cells. Salmonella enterica serovar Typhimurium uses one such system to mediate entry into nonphagocytic cells. This system is composed of more than 20 proteins which are encoded within a pathogenicity island (SPI-1) located at centisome 63 of its chromosome. A subset of these components form a supramolecular structure, termed the needle complex, that resembles the flagellar hookbasal body complex. The needle complex is composed of a multiple-ring cylindrical base that spans the bacterial envelope and a needle-like extension that protrudes from the bacterial outer surface. Although the components of this structure have been identified, little is known about its assembly. In this study we examined the effect of loss-of-function mutations in each of the type III secretion-associated genes encoded within SPI-1 on the assembly of the needle complex. This analysis indicates that the assembly of this organelle occurs in discrete, genetically separable steps. A model for the assembly pathway of this important organelle is proposed that involves a sec-dependent step leading to the assembly of the base substructure followed by a secindependent process resulting in the assembly of the needle portion.
Several important animal and plant pathogenic bacteria have evolved a specialized protein secretion system to interact with their hosts (11, 15) . This protein secretion system, termed type III or contact dependent, is designed to deliver bacterial proteins to the host cell cytoplasm to modulate cellular functions for the pathogen's benefit. Salmonella enterica, encodes two such systems. One system, located at centisome 63, is required for the initial interaction of Salmonella with the intestinal epithelium (10) . The other, located at centisome 31, is essential for the establishment of systemic infection (26, 29) .
Type III secretion systems are composed of more than 20 proteins that are essential for the secretion and delivery of effector proteins into the host cell. Core components of type III secretion systems are localized and/or exert their function in the bacterial cytoplasm, the bacterial envelope, or the extracellular environment (11, 15) . For example, a set of lowmolecular-weight, acidic polypeptides are thought to function within the confines of the bacterial cytoplasm as chaperones, secretion pilots, or translational regulators of cognate secreted proteins (31) . A group of secreted proteins required for the translocation of bacterial effectors into eukaryotic cells are thought to exert their function at the host cell membrane (6) . Yet another group of type III secretion-associated proteins function at the bacterial envelope. Among them, two distinct groups with presumably different functions can be recognized. One subset is composed of several highly conserved inner membrane proteins that form the equivalent of what has been described as the "export machinery" in the related flagellar system (11, 15) . Although the actual function of the export machinery is poorly understood, it is thought that it facilitates the engagement and subsequent transport through the inner membrane of the type III secreted proteins. The other subset is composed of a group proteins that form a supramolecular structure termed the needle complex (21, 23) .
The needle complex was first identified in S. enterica serovar Typhimurium but has also been detected in other bacterial species encoding type III secretion systems (3, 30) . This supramolecular complex spans both the inner and outer membranes and resembles the flagellar hook-basal body complex. The most salient features of this organelle are the presence of a four-ring hollow and cylindrical base that is anchored to both the inner and the outer membranes and a slender, needle-like structure that protrudes outward from the outer membrane (21) . The protein components of the base and the needle substructures have been recently identified (23) . PrgH, PrgK, and InvG make up the base substructure. The PrgH and PrgK proteins exhibit signature features of lipoproteins, while InvG belongs to the secretin family of outer membrane exporter proteins. These three proteins are unique among components of the type III secretion system in that they exhibit typical sec-dependent signal sequences. The major component of the needle substructure is PrgI, a low-molecular-weight protein also encoded within the type III secretion-associated cluster of genes in SPI-1 (23) . The length of the needle portion is controlled by the function of InvJ, a protein previously shown to be secreted via the type III secretion system (5, 23) . Absence of InvJ results in abnormally long needles and the complete absence of type III secretion (5, 23) .
Little is known about the assembly of the needle complex on the bacterial envelope and the potential role that other type III secretion-associated gene products may play in this process. In this study, we have undertaken a genetic analysis of the assembly of the needle complex in serovar Typhimurium. Using electron microscopy and biochemical fractionation, we have examined the contribution of each one of the type III-secretion associated gene products encoded within the serovar Typhimurium pathogenicity island-1 (SPI-1). This analysis has allowed us to begin to build a model for the assembly of this very important organelle.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All strains used in this study were derivatives of the serovar Typhimurium strain SJW2941 (32) and are listed in Table 1 . The construction of nonpolar mutations in invA (12) , invC (9) , invE (14) , invG (17) , invH (1), invI and invJ (5), spaO, spaP, spaQ, spaR, and spaS (4); prgH and prgK (21) , prgI (23) , sipB and sipC (19) , and sipD (18) have been described elsewhere. Mutations in iacP, iagB, prgJ, orgA, and orgB were constructed by inserting a copy of the terminator-less aphT gene cassette, which confers kanamycin resistance, into unique sites within these genes. The mutated alleles were introduced into the serovar Typhimurium chromosome by allelic exchange as previously described (17) . Mutations were moved into the serovar Typhimurium SJW2941 background strain by P22 HTint-mediated transduction (28) . In all cases, the phenotypes associated with the introduction of the mutations could be complemented by the introduction of a wild-type copy of the gene. Strains were grown on L agar or in L broth supplemented with 0.3 M sodium chloride to allow optimal expression of the components of the invasion-associated type III secretion system. When required, the following antibiotics were added at the concentrations indicated: kanamycin, 50 g/ml; ampicillin, 100 g/ml; streptomycin, 100 g/ml; and tetracycline, 10 g/ml.
Isolation and analysis of the needle complex. The isolation and analysis of the serovar Typhimurium needle complex was carried out as described elsewhere (21, 23) . Briefly, bacterial cultures were grown in L broth containing 0.3 M NaCl at 37°C to an optical density at 600 nm of ϳ0.8. The cells were pelleted and resuspended in 0.5 M sucrose-0.15 M Tris. Lysozyme (0.2 mg/ml, final concentration) and EDTA (1 mM, final concentration) were added, and the cells were incubated on ice for 1 h. Bacteria were then lysed by the addition of a 3% solution of lauryldimethylamine oxide (LDAO). Lysates were cleared of debris by low speed centrifugation (10,000 ϫ g for 15 min at 4°C), the pH was adjusted to 10.5 and, after incubation for 1 h at 4°C, the lysates were centrifuged again at 10,000 ϫ g for 15 min. The cleared lysates were then subjected to high-speed centrifugation (250,000 ϫ g for 1 h at 4°C), and the pellets were resuspended in 0.5 M sucrose-0.1 M Tris-0.03% LDAO (pH 10.5) and spun briefly (10,000 ϫ g for 10 min) to remove any particulate matter. Samples were centrifuged again at 250,000 ϫ g for 1 h at 4°C, and the pellets were resuspended in 0.01 M Tris-0.02 M EDTA-0.03% LDAO (pH 8.0) and loaded onto 30% (wt/vol) CsCl density gradients. The gradients were centrifuged at 15,000 ϫ g for 15 h at 20°C in a swinging-bucket rotor in a Beckman (model L 80) ultracentrifuge. Gradient fractions containing needle complexes were pooled and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western immunoblotting using an antibody specific to the base structure as previously described (21, 23) . Needle complex base-specific antiserum was prepared in New Zealand White rabbits immunized with highly purified preparations of base structures isolated as described elsewhere (23) . The resulting antiserum was absorbed with an acetone powder preparation of a serovar Typhimurium strain not expressing the components of the needle complex. This protocol is optimal for the isolation of base substructures, since under these conditions the fragile needle substructures tend to break from the bases. To isolate needle complexes containing both the base and needle substructures, a slight modification to the isolation protocol was required. Bacterial cells were grown and pelleted as indicated above and resuspended in 0.5 M sucrose-0.15 M Tris (pH 8). Lysozyme (0.2 mg/ml, final concentration) and EDTA (1 mM, final concentration) was added, and the cells were incubated on ice for 1 h, followed by incubation at 37°C for 15 min. Cells were lysed by the addition of a 3% LDAO as indicated above, and cell lysates were subjected to a low-speed centrifugation step (10,000 ϫ g for 15 min at 4°C), followed by high-speed centrifugation (250,000 ϫ g for 1 h at 4°C) but without raising the pH in between the centrifugation steps. The pellets were resuspended in Laemmli buffer and analyzed by Western immunoblotting with an antibody directed to a peptide derived from the PrgI sequence.
The preparation of osmotically shocked bacterial cells for electron microscopy was carried out as previously described (21) . Samples were negatively stained with 2% phosphotungstic acid (pH 7.0) and observed under transmission electron microscope (EM410; Philips). Micrographs were taken at an accelerating voltage of 80 kV.
RESULTS AND DISCUSSION
The assembly of the needle complex and its subsequent protein delivery activities are highly regulated. This regulation involves both transcriptional as well as posttranscriptional mechanisms that control, in a temporal and spatial manner, the delivery of effector proteins into host cells. Little is known about the mechanisms that control the actual assembly of the needle complex. In order to gain insight into this process, we carried out an extensive analysis of the effect of mutations in each of the type III secretion-associated genes encoded within the SPI-1 on the assembly process (10) . We examined the effect of loss-of-function mutations in genes that encode structural components of the needle complex, other components of the type III secretion and translocation system, and several accessory proteins, as well as proteins encoded within SPI-1 whose role in type III secretion has not been previously characterized. We evaluated the phenotypes of these mutants using biochemical and electron microscopy assays for the assembly of the needle and the base substructures of the needle complex.
Effect of mutations in prgH, prgK, and invG. prgH, prgK, and invG encode three essential components of the base substructure of the needle complex (23) . In an effort to identify intermediate structures, we examined the effect of loss-of-function mutations in each one of theses genes on the assembly of the needle complex. Needle complex base and needle preparations were obtained from strains carrying loss-of-function mutations in prgH, prgK, or invG and analyzed by Western immunoblotting with an antiserum specific for either PrgH, PrgK, and InvG or the needle protein PrgI, respectively. Both the prgH and prgK mutant strains were capable of assembling InvG into a stable complex that was able to withstand the harsh conditions of the needle complex isolation protocol (Fig. 1A , upper panel). However, the amount of InvG in the complexes isolated 
The needle substructures of the invJ mutant strain were abnormally long. from these mutant strains was significantly lower than that isolated from the wild type (Fig. 1A, upper panel) , even though the total amount of InvG in whole-cell lysates was comparable in all the strains (Fig. 1B, upper pannel) . These results indicate that InvG can form a complex in the absence of PrgH and PrgK but that the formation of such a complex is enhanced by the presence of these two proteins. PrgH and PrgK may therefore assist in the outer membrane localization of InvG or stabilize its multimeric form. Consistent with this observation, no structures resembling the needle complex base substructure were observed under the electron microscope in preparations of osmotically shocked cells from the prgH and prgK mutant strains (Fig. 1C) . However, structures which appeared identical to the previously described InvG multimers (7) were observed in preparations obtained from the prgH and prgK (but not invG) mutant strains following the needle complex isolation protocol (Fig. 1D and data not shown) .
A loss-of-function mutation in prgH abolished the formation of a PrgK complex (Fig. 1A, upper panel) without affecting the total amount of PrgK (Fig. 1B, upper panel) . The same results were obtained with a prgK mutant strain which abolished PrgH complex formation without affecting its total level (Fig. 1A and B, upper panels). These results indicate that these proteins require the presence of each other to assemble into stable complexes. Needle complex base preparations isolated from the invG mutant strain exhibited a small but significant amount of PrgH but no detectable PrgK (Fig. 1A, upper panel) . However, less-stringent needle complex preparations of the invG mutant strain contained both PrgH and PrgK, indicating that these proteins can form a complex, albeit one incapable of withstanding the more-stringent isolation protocol (data not shown). Comparison of the relative abundance in wild-type bacteria of PrgH, PrgK, and InvG in purified needle complexes versus total cell lysates indicated that there is a significant proportion of PrgH that is not associated with the needle complex (compare Fig. 1A versus Fig. 1B ). Whether this pool of PrgH free from the needle complex is assembled into a multimeric structure is not known. Unlike the InvG ring, which is expected to be located in the outer membrane, the PrgHPrgK intermediate would be most likely located in the inner membrane. In any case, our results indicate that the presence of the three proteins is necessary for the stability of the entire complex.
As expected, none of the mutants exhibited needle substructures when observed under the electron microscope (Fig. 1C) . Consistent with this observation, the needle protein PrgI was not detected in needle complex preparations from the prgH or the prgK mutant strains (Fig. 1A, lower panel) . However, a small but reproducible amount of PrgI was consistently detected in needle complex preparations of the invG mutant strain (Fig. 1A, lower panel) . Since PrgI could not be detected in similar preparations from strains carrying mutations in components of the export machinery (see below), these results indicate that PrgH and PrgK must be able to associate with the export machinery in the absence of InvG and that this complex must be competent for the export of the PrgI needle protein. In the absence of InvG, PrgI remains associated with PrgH and PrgK, presumably in the periplasmic space, but is unable to traverse the outer membrane and assemble into needle substructures.
Effect of a mutation in invH.
It has been suggested previously that InvH is required for the multimeric assembly and insertion of InvG into the bacterial outer membrane (7, 8) . Since InvH does not appear to be a structural component of the needle complex (21, 23) , it must aid the assembly process through a transient interaction with InvG. Introduction of a loss-of-function mutation in invH resulted in a marked reduction in the number of needle complexes on the bacterial envelope as observed by electron microscopy of osmotically shocked cells (data not shown). However, unlike the case of the invG mutant (Fig. 1) , complete needle complexes were distinctly detected on the envelope of the invH mutant strain (Fig. 2) . Consistent with the electron microscopy observations, biochemical analysis of purified base and needle substructures from the serovar Typhimiurium invH mutant strain showed the presence of reduced amounts of InvG-PrgH-PrgK complexes (Fig. 3A, upper panel) and the needle protein PrgI (Fig. 3A,  lower panel) . These results indicate that InvH is not essential for the assembly of the needle complex. However, InvH significantly enhances the efficiency of needle complex formation, presumably through its stabilizing activity on InvG. These results are also consistent with our previous observation that invH mutants of S. enterica retain significant invasion capacity, an indication of the presence of a functional type III secretion system (1).
Effect of mutations in prgI and prgJ. We have recently identified PrgI as the main component of the needle substructure of the needle complex (23). The prgI and prgJ genes are located between the prgH and prgK genes and are in the same transcriptional unit (2). The organization of these genes suggests a functional relationship. We therefore examined the role of PrgI and PrgJ in the assembly of the needle complex. Introduction of loss-of-function mutation in prgI or prgJ resulted in strains that are capable of assembling the base but lack the needle substructure (Fig. 4) . Biochemical analysis of needle complexes obtained from these mutant strains confirmed the absence of the needle protein PrgI (Fig. 3, lower panel) and showed slightly reduced levels of PrgK (Fig. 3, upper panel) . It is possible that this reduction was at least in part due to a slight polar effect of the prgI and prgJ mutations on the expression of prgK since transcomplementation of these mutants did not restore wild-type levels of PrgK (data not shown). These results indicate that PrgI and PrgJ are largely dispensable for the assembly of the base substructure but are essential for the assembly of the needle. The mechanisms by which PrgJ contributes to needle assembly are not understood. It is possible that PrgJ is a minor component of the needle or is required for its assembly, perhaps serving as a scaffolding protein in a manner analogous to FlgD in the flagellar assembly pathway (27) . Consistent with this hypothesis, we have found that PrgJ is secreted into the culture medium (A. Sukhan and J. E. Galan, unpublished observations).
Effect of mutations in genes encoding components of the export machinery. We have recently shown that InvA and InvC are required for the assembly of the needle substructure of the needle complex but are dispensable for the assembly of the base (23) . These two proteins are components of the export machinery of the SPI-1 type III secretion system that are conserved in other type III secretion systems (9, 12) . We therefore extended our analysis and examined the role of other con-served components of the export apparatus in needle complex assembly. Serovar Typhimurium strains carrying loss-of-function mutations in invA, invC, spaP, spaQ, spaR, and spaS (4, 9, 12) were examined for the presence of needle complexes in osmotically shocked cells. As shown in Fig. 4 , all of these mutant strains exhibited base structures indistinguishable in shape and number from those formed by the wild type. However, all of these strains lacked the needle portion of the needle complex. Consistent with the electron microscopy observations, biochemical analysis of needle complexes isolated from these strains showed the absence of the PrgI needle protein (Fig. 3, lower panel) but wild-type levels of the base proteins PrgH, PrgK and InvG (Fig. 3, upper panel) . These results indicate that all of the components of the export machinery are required for the assembly of the needle substructure of the needle complex but are not required for the assembly and/or stability of the base.
Effect of mutations in orgA and orgB. A recent study has shown that an open reading frame located immediately downstream of prgK and originally incorrectly identified as encoding a single protein, OrgA, actually encodes two proteins, OrgA and OrgB (16, 20) . Both of these proteins were shown to be required for serovar Typhimurium invasion of epithelial cells (20) . We therefore investigated the role of these two proteins in the assembly of the serovar Tyhimurium needle complex. Strains carrying loss-of-function nonpolar mutations in orgA and orgB were examined by electron microscopy for the presence of needle complexes in osmotically shocked cells. Both the orgA and orgB mutants displayed apparently normal base structures on the bacterial envelope but lacked the needle substructure (Fig. 4) . Analysis of isolated complexes from these mutants showed a total absence of the needle protein PrgI (Fig. 3, lower panel) and wild-type levels of PrgH, PrgK, and InvG assembled into base structures (Fig. 3, upper panel) . Therefore the orgA and orgB mutations appear to have a similar phenotype to the loss-of-function mutations in components of the export machinery.
Effect of mutations in invI, invJ, and spaO. InvI, InvJ, and SpaO are essential for type III secretion but, unlike other components of the export machinery, share only limited sequence similarity to proteins in other type III secretion systems (4, 5) . Two of these proteins, InvJ and SpaO, are themselves secreted into the culture supernatant through the type III secretion system (4, 5) . Therefore, these proteins have the potential to exert a function distinct from that of the conserved components of the type III secretion-associated export machinery. As previously shown (23), a strain carrying a loss-offunction mutation in invJ displayed abnormally long needle structures (Fig. 2) . In contrast, strains carrying mutations in either spaO or invI lacked needle substructures (Fig. 4) . All three strains exhibited base structures that were indistinguishable from those of the wild type (Fig. 2) . Consistent with the electron microscopy observations, biochemical analysis of needle complexes isolated from these mutants showed the presence of PrgI in the needle preparation obtained from the invJ mutant strain but not in those obtained from the invI and spaO mutants (Fig. 3, lower panel) . In addition, base preparations obtained from all these mutants showed the presence of PrgH, PrgK, and InvG at levels that were indistinguishable from those observed in the wild type (Fig. 3, upper panel) . It was previously suggested that InvI may function as a chaperone for InvJ secretion (5). This hypothesis was based on at least three observations: (i) the immediate proximity of the genes encoding these two proteins, a frequently observed arrangement in type III secreted chaperones and their cognate substrates; (ii) the secondary structure of InvI that resembles that of other type III secretion associated chaperones; and (iii) the requirement of InvI for InvJ secretion (5). Since a loss-of-function mutation in InvI did not lead to elongated needle structures, these results indicate that either InvI is not a chaperone for InvJ, the secretion of InvJ is not required for its needle-length control function, and/or that InvI is also required for PrgI secretion.
Effect of a mutation in invE. InvE was one of the first proteins identified as essential for serovar Typhimurium entry into host cells (14) . However, unlike other components of the type III secretion system, InvE does not seem to be required for the assembly of the invasomes on the surface of serovar Typhimurium (13) . The role of InvE in type III secretion has not been investigated. We examined under the electron micro- scope osmotically shocked cells from a strain carrying a lossof-function mutation in invE. As shown in Fig. 4 , the morphology of the needle complexes of the invE-null strain was indistinguishable from that of the wild type. Furthermore, the amount of the base and needle proteins obtained from needle complex preparations from this strain were also indistinguishable from that of the wild type (Fig. 3, upper and lower panels) . These results indicate that InvE must exert its essential role in type III secretion-associated function independently of needle complex assembly.
Effect of mutations in iagB, iacP, and components of the translocation machinery. IagB and IacP are encoded within the type III secretion-associated genes in SPI-1 and are thought to play accessory roles in type III secretion and/or the phenotypes associated with this system. The IagB protein exhibits amino acid sequence similarity to a family of muramidases that are associated with the assembly of large membrane protein complexes such as flagella and the type III and type IV protein secretion systems (24) . It has been proposed that the function of this family of proteins may be to form a hole in the peptidoglycan layer to allow the insertion of these large complexes into the bacterial envelope. The IacP protein belongs to a family of acyl-carrier proteins, and it is thought that this protein may serve to modify either components of the needle complex or perhaps the secreted targets of the SPI-1 system (18) . Translocation of bacterial effector proteins through the eukaryotic host cell membrane requires the function of SipB, SipC, and SipD, which are themselves proteins secreted through the type III system. Mutations in genes encoding any of these three proteins completely abolish protein translocation into host cells but do not affect protein secretion. To assess the potential role of these genes in needle complex assembly, strains carrying loss-of-function mutations in iacP, iagB, sipB, sipC, or sipD were examined under the electron microscope. These mutant strains exhibited normal needle complexes as examined both by electron microscopy (Fig. 4) or biochemical fractionation analysis (Fig. 3, upper and lower panels) . These results indicate that IagB, IacP, and the Sip proteins are not essential for the assembly of the needle complex. In contrast, in the flagellar system FliJ, which is the homolog of IagB, has been shown to be essential for flagellar assembly (22, 25) . Either the type III secretion complex can assemble without the assistance of these muramidases or an unidentified functionally redundant protein can substitute for IagB.
Assembly pathway of the type III secretion-associated needle complex. Our analysis suggests a model for the assembly pathway of the type III secretion-associated needle complex (Fig. 5) . The assembly of the base substructure does not require the function of any of the components of the type III secretion export machinery. However, this machinery is absolutely required for the assembly of the needle substructure. Since all the components of the base substructure possess typical sec-dependent signal sequences, the first step in the assembly process must therefore be the sec-dependent export of PrgH, PrgK, InvG, and the accessory protein InvH (see below). Upon secretion through the inner membrane, these proteins may form intermediate structures that eventually lead to the assembly of the complete and stable base structure which, in conjunction with the export machinery, functions as a type III secretion machinery. This incomplete type III secretion machinery must be able to recognize only a limited number of substrates which are required for the assembly of the needle portion of the needle complex. No bacterial translocases or effectors of type III-mediated cellular responses can be secreted until completion of the assembly of the needle substructure (4) . Once the entire needle complex is assembled, the type III secretion machinery switches specificity to secrete bacterial effector proteins. This specificity switch is governed by InvJ since loss-of-function mutations in this protein result in a machinery unable to secrete any other protein but PrgI, the main subunit of the needle substructure (5, 23) , and PrgJ, a putative minor component or scaffold of this substructure (A. Sukhan and J. E. Galán, unpublished observations). As a result, the invJ mutant strain exhibit needle complexes with grossly elongated needles (23) .
Previous studies and our own results indicate that InvG is capable of forming a ring-like structure (Fig. 1D) (7) . Formation of this structure is aided by the presence of the accessory protein InvH (7, 8) . However, our results show that InvH is not essential for needle complex assembly since a strain carrying a loss-of-function mutation in InvH retained the capacity to form wild-type needle complexes, albeit less efficiently. These results are consistent with our previous observation that strains carrying mutations in invH retained significant signaling capacity as measured by their ability to induce actin cytoskeleton rearrangements and enter into host cells (1) . Therefore, although not essential for needle complex assembly, InvH increases the efficiency of this process, presumably through its function as a facilitator of InvG multimerization. Our results also argue that the formation of the InvG substructure can take place in the absence of either PrgK or PrgH. However, in the absence of PrgK or PrgH, the amount of InvG complex is significantly reduced, indicating that these proteins may help to stabilize the InvG ring or aid InvG's multimerization. We postulate that PrgH and PrgK form intermediate structures before becoming associated with the InvG ring substructure. Consistent with this hypothesis, PrgH-containing complexes were isolated in the absence of InvG. However, these complexes were not detected in the absence of PrgK, indicating that the stability of this intermediate depends on the presence of this protein. Our results suggest that a PrgH-PrgK intermediate complex must be able to associate with the inner-membrane components of the export machinery even in the absence of InvG. This conclusion is based on the detection of the PrgI needle protein in needle complexes obtained from an invG mutant strain but not from strains carrying mutations in any of the component of the export machinery. Nevertheless, this PrgH-PrgK export machinery intermediate complex most likely becomes associated with InvG very rapidly and therefore may be virtually undetectable in wild-type bacteria. Our results also indicate that in the absence of any of the three main components of the base structure, the stability of the base is seriously compromised.
In summary, we have shown that the assembly of the needle complex occurs in discrete independent steps and requires the coordinated function of several gene products. More studies will be required to define additional intermediate structures and to better understand the assembly of the needle substructure.
